ABSTRACT It has been argued that the stacking of adenyl groups in water must be driven primarily by electrostatic interactions, based upon NMR data showing stacking for two adenyl groups joined by a 3-atom linker but not for two naphthyl groups joined by the same linker. In contrast, theoretical work has suggested that adenine stacking is driven primarily by nonelectrostatic forces, and that electrostatic interactions actually produce a net repulsion between adenines stacking in water. The present study provides evidence that the experimental data for the 3-atom-linked bis-adenyl and bis-naphthyl compounds are consistent with the theory indicating that nonelectrostatic interactions drive adenine stacking. First, a theoretical conformational analysis is found to reproduce the observed ranking of the stacking tendencies of the compounds studied experimentally. A geometric analysis identifies two possible reasons, other than stronger electrostatic interactions, why the 3-atom-linked bis-adenyl compounds should stack more than the bis-naphthyl compounds. First, stacked naphthyl groups tend to lie further apart than stacked adenyl groups, based upon both quantum calculations and crystal structures. This may prevent the bis-naphthyl compound from stacking as extensively as the bis-adenyl compound. Second, geometric analysis shows that more stacked conformations are sterically accessible to the bis-adenyl compound than to the bisnaphthyl compound because the linker is attached to the sides of the adenyl groups, but to the ends of the naphthyl groups. Finally, ab initio quantum mechanics calculations and energy decompositions for relevant conformations of adenine and naphthalene dimers support the view that stacking in these compounds is driven primarily by nonelectrostatic interactions. The present analysis illustrates the importance of considering all aspects of a molecular system when interpreting experimental data, and the value of computer models as an adjunct to chemical intuition.
INTRODUCTION
Energetically favorable stacking interactions between nucleic acid bases in water are believed to play an important role in determining and stabilizing the secondary and tertiary structures of DNA and RNA, as reviewed elsewhere (Saenger, 1984; Kool, 1997) . However, the physics of basestacking is subject to debate. In a series of elegant experiments, Newcomb and Gellman (1994) synthesized compounds with two aromatic groups joined by a 3-atom linker that only allows association of the groups in near-parallel arrangements ( Fig. 1,a and b ). Significant stacking of adenyl groups was found by chemical shift analysis, but napthyl groups did not stack detectably. Newcomb and Gellman used these results to discuss the interactions between adenyl groups in terms of the hydrophobic effect, dispersion forces, and interactions between partial positive and negative charges on atoms. They reasoned that the hydrophobic and dispersion forces acting between naphthyl groups are similar to those acting between adenyl groups. Thus, the observation that only the adenyls associated suggested that the only remaining interaction in their analysis, interactions between partial atomic charges, was responsible for adenyladenyl stacking in water. Friedman and Honig (1995) subsequently used an empirical force field and a continuum solvation model of water to examine energetic contributions to adenine stacking. They reported that the net effect of the partial atomic charges assigned to adenine in the AMBER (Weiner et al., 1984) force field was to oppose the stacking of adenines in water, due primarily to the energetic cost of desolvating these polar heterocycles. Instead, stacking was found to be driven primarily by the Lennard-Jones component of the force-field. In addition, gas-phase ab initio calculations indicated that the stability of stacked nucleic acids originates not in electrostatic interactions but in electron correlations (Sponer et al., 1996b; Alhambra et al., 1997; Hobza and Sponer, 1999) .
These theoretical results appeared to conflict with the results of Newcomb and Gellman: if the partial atomic charges of adenyl groups opposed binding in water, then adenyl groups should stack less strongly than naphthyls, not more strongly as was observed experimentally. Newcomb and Gellman pointed out, however, that the theory used by Friedman and Honig had not been applied directly to the compounds studied experimentally, or indeed to any compounds containing naphthyl groups (Gellman et al., 1996) .
The contrast between the conclusions reached by Newcomb and Gellman and the theoretical studies of Friedman and Honig is of concern, for it raises doubts about the validity of widely used methods for evaluating the physical basis of noncovalent association. It is therefore important to seek a resolution. The present paper addresses this issue with ab initio calculations, crystal structure analysis, geo-metric analysis, and molecular modeling of the specific compounds studied by Newcomb and Gellman with an energy model that is essentially the same as that used by Friedman and Honig.
METHODS

Ab initio calculations
Both Newcomb and Gellman (Gellman et al., 1996) and Friedman and Honig (Friedman and Honig, 1995) focus on the role of "interactions between partial charges" (Gellman et al., 1996) , versus dispersion or Lennard-Jones interactions, in the stacking of adenyl and naphthyl groups. The partitioning of intermolecular forces into Coulombic and LennardJones terms is typical of current empirical force fields. However, this partitioning is a simplification, and other contributions that could in principle play a role, such as electronic polarization and charge-transfer (Stone, 1996) , can be accounted for only implicitly in the Coulombic and LennardJones terms of force fields. Therefore, it is of interest to gain a more complete account of the energetics of aromatic stacking in the bis-adenyl and bis-naphthyl compounds via ab initio calculations.
Ab initio methods were applied as follows. Initial monomer geometries were generated with Quanta 98 (Molecular Simulations Inc., 1998) and subjected to Newton-Raphson (Press et al., 1989) energy-minimization in CHARMM (version 26) (Brooks et al., 1983) with the CHARMM 98 vacuum energy function. The minimizations were stopped when the energy gradient changed by Ͻ1.0 ϫ 10 Ϫ5 kcal/mol-Å per step. The geometries of the monomers were further optimized in Gaussian 98 (Frisch et al., 1998) at the MP2/6-31G** level and were not reoptimized for the complexes. Gaussian 98 (Frisch et al., 1998) was used to calculate gas-phase changes in potential energy for the association of adenines and naphthalenes, using the 6-31G*(0.25) basis set (Sponer et al., 1996b) at the MP2 level to improve the description of electron correlation interactions. The MP2 energies were corrected for basis set superposition error (Hobza and Sponer, 1999; Frisch et al., 1986) . GAMESS (Schmidt et al., 1993) was then used to carry out reduced variation space (RVS) (Stevens and Fink, 1987) decompositions of the HF/6-31G*(0.25) stacking energies. Similar calculations were carried out for two adenines stacked in a B-DNA configuration and for adenine and naphthalene dimers in the most stable configurations found for the Newcomb and Gellman compounds via mining minima calculations (see below).
The electrostatic interaction energy is of particular interest in this study, because this term corresponds most closely to the interactions between partial charges discussed by Newcomb and Gellman. The RVS decomposition computes the electrostatic interaction between two molecules by obtaining their wavefunctions when they are widely separated, then moving them together without allowing their wavefunctions to change and computing their electrostatic interaction energy.
The accuracy of the present approach is supported by previous calculations showing that higher-level calculations of the electrostatic interactions between stacked nucleic acid bases agree with calculations at the MP2/6-31G*(0.25) level typically to within several tenths of a kcal/mol with occasional errors up to about 0.9 kcal/mol (Sponer et al., 1996a) . A similar study using the same ab initio calculation and a continuum solvent model gave good agreement with thermodynamic measurements on base stacking (Florian et al., 1999) . It has also been argued that the total stacking energies obtained from MP2/6-31G*(0.25) calculations are accurate since the modest underestimation of the dispersion attraction due to the limited size of the basis set tends to be compensated by the neglect of higher-order electron correlation terms (Hobza et al., 1997; Hobza and Sponer, 1999) . Finally, comparisons between calculation and experiment for naphthalene trimers in the gas phase suggest that the MP2/6-31G level is adequate to deduce the equilibrium conformations of small aromatic clusters (Gonzalez and Lim, 1999) . However, the MP2 method does not account fully for electron correlations. As a consequence, the decomposition of the nonelectrostatic parts of the total interaction energies are best viewed as semiquantitative.
Crystal structure review
Examples of stacked adenyl and naphthyl groups were sought in the Cambridge Structure Database (Allen et al., 1979) to determine typical distances between the stacking planes. Systems in which bulky groups were interposed between the planes were rejected. Interplane distances were estimated as the shortest distance between any pair of atoms. The crystal structures of pure naphthalene show edge-face contacts, rather than planar stacking. However, some derivatives of naphthalene do provide examples of planar stacking of naphthyl groups, presumably because crystal packing is controlled by interactions among the substituents. Data were also collected for larger systems of 6-membered aromatic carbon rings, such as coronenes, which form parallel stacks.
Geometric analysis
Geometric analysis was used to determine whether the optimal separation of the aromatic rings could affect the stacking probabilities of the Newcomb and Gellman compounds. This approach isolates well-defined steric and geometric effects from the parameter-and method-dependencies of energy-based calculations. A conformation was considered geometrically accessible if it could be attained by rotations of the bonds of the 3-atom linker and did not have steric clashes. The four rotatable bonds of the linker, ( 1 , 2 , 3 , 4 ), were sampled systematically from 0 to 350°in 10°s teps. (See Fig. 1 a. ) Each of the resulting 36 4 different conformers was then checked for steric clashes between nonhydrogen atoms in the two aromatic groups. For simplicity, a single distance criterion of either 3.3 or 3.5 Å (see below) was used for all pairs of atoms. Sterically allowed conformations were then classified as stacked or unstacked, depending upon whether either of the two fusing atoms (see Fig. 1 ) of one aromatic ring was less than 5 Å away from either of the two fusing atoms of the other aromatic ring. Requiring that two pairs of fusing atoms, instead of one pair, be within 5 Å did not alter the conclusions of this qualitative analysis.
The overall stacking probability was computed as the ratio of the number of sterically accessible stacked conformations N stack to the total number of sterically accessible conformations N acc . The results were also visualized as contour plots (Fig. 2) showing the stacking probability P( 2 , 3 ) as a function of the central two dihedral angles of the 3-atom linker: Here, P( 2 , 3 ) is the contribution of conformations with linker angles ( 2 , 3 ) to the overall stacking probability, and N stack ( 2 , 3 ) is the number of accessible, stacked conformations with linker angles ( 2 , 3 ). Dihedral angles 2 , 3 are computed from the positions of the aliphatic carbons of the linker and the ring atoms to which they are bonded.
Force field calculations
The present study computes the stacking probabilities of the Newcomb and Gellman compounds with essentially the same energy model that Friedman and Honig used to analyze the energetics of adenine stacking (Friedman and Honig, 1995) . Conformational distributions were computed with the recently developed "mining minima" algorithm (Head et al., 1997) , which has been successfully applied to a range of problems (Luo et al., 1998; Luo et al., 1999a, b; David et al., 1999; Mardis et al., 1999 Mardis et al., , 2000 Luo and Gilson, 2000) . This algorithm rapidly identifies each low-energy conformation i of the molecule and computes its stability via numerical evaluation of its configuration integral,
Here E(r) is the energy as a function of the conformation r, kT is thermal energy, and the integral ranges only over conformations in well i. The probability of conformation i, P i , is P i ϭ Z i /͚ j Z j , where the sum ranges over all low-energy conformations. The probability of stacking is then the sum of P i over all conformations meeting the criterion for stacking described in the Geometric Analysis section. The mining minima calculations sample over only torsion angles; bond lengths and bond angles are held fixed at initial geometries obtained by energy-minimization with CHARMM 26 (see above). Test calculations show that energy minimization from a different starting conformation changes the final results negligibly. The energy function E(r) used here is the sum of a potential energy and a solvation-free energy . The potential energy is computed with the most recent CHARMM parameters available (Brooks et al., 1983; MacKerell et al., 1995 MacKerell et al., , 1998 Foloppe and Mackerell, 2000; Duffy et al., 1993) . The solvation-free energy is computed with a generalized Born (GB)/surface area model (Qiu et al., 1997; Still et al., 1990) where atomic self-energies are estimated with a charge-induced dipole FIGURE 3 Global energy minima for bis-adenyl, bis-naphthyl, and mixed adenyl-naphthyl compounds, from mining minima calculations. term (Gilson and Honig, 1990) . The surface tension is set to 6.4 cal/mol Å 2 (Friedman and Honig, 1995) , and the molecular and solvent dielectric constants are set to 1 and 78, respectively. As described previously (Luo et al., 1998) , the cavity radius of each atom is set to 1 ⁄2( ϩ 1.4 Å), where is the CHARMM Lennard-Jones parameter appropriate to the atom and 1.4 is the radius of a water molecule.
Finite difference (FD) solutions of the Poisson equation (Warwicker and Watson, 1982; Klapper et al., 1986; Gilson et al., 1988) are believed to be more accurate than the faster generalized Born approximation used during the conformational sampling (Luo et al., 1999b) . Therefore, the initial results of the mining minima calculation are corrected toward finite difference calculations as follows. For each energy minimum i identified with the mining minima algorithm, the electrostatic solvation free energy is calculated with both GB and FD, and the deviation of the GB from the FD result is subtracted from the conformational free energy of the minimum. This correction has been shown to improve the agreement of computation with experiment (Luo et al., 1999b) . The surface area contribution to the free energy is included in a similar manner (Luo et al., 1999b) .
RESULTS AND DISCUSSION
Ab initio and crystal structure analyses
Ab initio quantum mechanics was used to compare the contributions to the interactions between two adenines with those between two naphthalenes. Calculations were done for parallel-stacked, in-register, adenine and naphthalene dimers in vacuo, at ring separations of 3.4 to 4.0 Å. No attempt was made to find the global energy minima here because the calculations aim to compare the stacked dimers on an equal footing. Moreover, the global minima for these dimers are likely to be different from those for the Newcomb and Gellman compounds, where the relative disposition of the aromatic groups is constrained by the linker. However, additional ab initio calculations are reported below for the global energy minima found in the force field calculations. Table 1 lists the total MP2 interaction energy (Total), the electrostatic energy (ES), and the nonelectrostatic energy (NonES) computed as Total minus ES. The nonelectrostatic energy consists of the electron correlation energy (Corr) computed as Total minus Hartree-Fock energy, along with the polarization (PL), exchange/repulsion (EX) and charge transfer (CT) energies from the RHF calculation.
As shown in Table 1 , the total interaction energies of the adenines are less favorable than those for the naphthalenes, largely because the electrostatic repulsion between the adenines is greater than that between the naphthalenes. This is as expected, because the adenines are more polar and the dimers are stacked with like atoms on like. The nonelectrostatic parts of the interaction energies (NonES) shows energy minima of similar depth (Ϫ7.1 kcal/mol) for both dimers. This suggests that the nonelectrostatic attractions between stacked adenines and between stacked naphthalenes are of similar strength.
Table 1 also indicates that the optimum stacking distance for adenines is less than that for naphthalenes. This result is consistent with structural data in the Cambridge Structural Database (Allen et al., 1979) . As summarized in Table 2 , planar stacked adenyl groups tend to lie about 0.2 Å closer together than planar stacked naphthyls and other C 6 aromatic ring systems. That the distances in Table 2 are smaller than the optima inferred from the nonelectrostatic energies in Table 1 probably results primarily from our use of inregister dimers, which maximize the steric clashes between atomic orbitals; crystal structures typically show staggered conformations that permit shorter distances between the aromatic planes. Accordingly, previous ab initio structure optimizations have found inter-plane distances of 3.5 Å for staggered, stacked benzene (Hobza et al., 1994) and naphthalene (Gonzalez and Lim, 2000) dimers.
Geometric analysis
We conjectured that the greater stacking distance of naphthalene might reduce its ability to stack in the bis-naphthyl compound of Newcomb and Gellman, relative to the bisadenyl compound. In particular, it seemed possible that the 3-atom linker might make it difficult for the naphthyls to form a parallel stack without some degree of steric clash. The geometric analysis described in Methods was used to compute the percentage of sterically accessible conformations that are stacked for the bis-adenyl and bis-naphthyl compounds, using steric distance criteria of 3.3 and 3.5 Å. Other symbols are defined in text.
Comparison of the two columns of results in Table 3 shows that increasing the clash radii of the aromatic groups decreases the stacking probabilities. This is purely a geometric effect, since these calculations do not use any energy functions other than those implicit in the steric interactions and the chemical bonds. Thus, the observation that the bis-adenyl compounds stack more effectively than the bisnaphthyls does not necessarily imply a greater intrinsic attraction between adenyls versus naphthyls. This observation offers at least a partial resolution of the apparent contradiction between experiment and theory that motivates the present study.
Furthermore, comparison of the first two rows of Table 3 shows that geometry dictates a much higher stacking probability for the bis-adenyl than the bis-naphthyl compound, even when the same steric criterion is used for both. This difference is studied via contour plots of stacking probabilities as a function of the two central dihedral angles of the 3-atom linker (Eq. 1). Figure 2 presents these graphs for both the 3.3 Å (top row) and 3.5 Å (bottom row) steric criteria. It is apparent that the range of dihedral angles for which the bis-adenyl compounds can stack is larger than that for the bis-naphthyl compounds. Moreover, the fraction of stacked conformations for a given set of linker dihedrals is consistently greater for the bis-adenyl compounds than for the bis-naphthyl compounds. These differences are traceable to the "sideways" orientation of the adenyls on the linker, which allows stacking to occur more readily and over a larger range of linker conformations. Thus, when the naphthyl groups are turned sideways by moving the linker from the 2-to the 1-carbon (Fig. 1 d) , the percentage of stacked conformations rises (Table 3 , rows 2, 4) and the contour plot now resembles that of the bis-adenyl compound (Fig. 2, a and c) . The sideways orientation allows the rings to adopt stacked conformations even when the linker bonds numbered 1 and 4 in Fig. 1 a are splayed apart.
The fact that the bis-adenyl compound has many more accessible stacked conformations than the bis-naphthyl compound that was studied experimentally raises serious concerns regarding the original interpretation of the Newcomb and Gellman study: even if the energies of interaction between adenyl and naphthyl groups were identical, the geometric differences between the bis-adenyl and bis-naphthyl compounds studied would cause the former to stack more than the latter. This analysis thus offers a second possible resolution of the apparent conflict between theory and experiment that was laid out in the Introduction.
The number of geometrically accessible conformations for the mixed adenyl-naphthyl compound is between that for the bis-adenyl and bis-naphthyl compounds. Experimentally, however, the mixed compound shows stronger association than the bis-adenyl compound. This indicates that steric interactions and geometry can provide only part of the explanation for the experimental results. The analysis given below indicates that specific patterns of electrostatic interactions between the aromatic groups also influence the stacking tendencies of these compounds.
Interestingly, prior experiments have already established that changing the points of attachment of a trimethylene linker to two adenyl groups changes the degree to which the adenyl groups stack (Leonard and Ito, 1973) . The degree of stacking in such compounds is ultimately determined not only by the purely geometric considerations just discussed, but also by the detailed form of the interactions between the two aromatic groups; for example, by the interplay of their electrical multipoles. The message is nonetheless clear that the measured degree of stacking of aromatic groups joined by a restraining linker does not provide a direct readout of the intrinsic stacking tendency of the groups. a) Adenine hydrogen peroxide b) bis(Adenine) 7-hydroxy-8-(phenylazo)-1,3-naphthalene-disulfonate pentahydrate c) 9-Methyladenine d) 9-Methyladenine e) 8-Ethyl-9-methyladenine dihydrate f) 9-Vinyladenine g) 8-Propyl-9-methyladenine hydrate h) 1-Fluoro-9-(2-methyl-1-naphthyl)-fluorene i) 6,12-Dimethyl-dibenzo(def,mno)chrysene,6,12-Dimethylanthanthrene j) 7,14-Di-n-propylacenaphtho(1,2-k)fluoranthene k) 2-(1-Naphthyl)-5-phenyl-1,3-oxazole l) Hex-abenzo(bc,ef,hi,kl,no,qr)coronene m) (Z)-9-(2-Nitro-2-phenylethenyl)anthracene n) 1,1Ј-bis(Naphthyl)-di-selenium naphthalene. Figure  1d ).
Conformational analysis
This section considers whether the energy model of Friedman and Honig (1995) can reproduce the data of Newcomb and Gellman (1994) . The mining minima method was used with a continuum solvent model, as described in Methods, to compute the conformational distributions of the bisadenyl, bis-naphthyl, and mixed adenyl-naphthyl compounds studied by Newcomb and Gellman (1994) . The calculated stacking probabilities are 55, 17, and 85%, respectively. These results agree with the experimental data, which indicate that the bis-naphthyl compound stacks least and that the mixed compound stacks most (Newcomb and Gellman, 1994) . This is despite the fact that the energy model is essentially that of Friedman and Honig, which was thought to be inconsistent with the experimental results. Surprisingly, then, the present calculations show no contradiction between the experimental and theoretical studies outlined in the Introduction.
This finding probably is explained in part by the geometric considerations presented above: the combination of the sideways orientation of the adenyl groups on their linker with the tendency of naphthyls to stack further apart leads to a higher fraction of sterically allowed stacked states for the bis-adenyl versus the bis-naphthyl compound.
Interestingly, mining minima calculations for a sideways bis-naphthyl compound in which the 3-atom linker attaches to carbon 1 of the naphthyl group (see above) predict 99% association between the naphthyl groups. This experimentally testable result is consistent with a recent experimental and computational study of the corresponding bis-indolyl compound, which is similarly nonpolar and is also linked in a sideways configuration (Pang et al., 1999) . The increased association in the sideways bis-naphthyl compound appears to be attributable, at least in part, to the fact that the naphthyl groups in this compound are free to adopt edgeface conformations that are not sterically accessible for the original bis-naphthyl compound (Newcomb and Gellman, 1994) . Edge-face naphthyl-naphthyl interactions are believed to be particularly stable, based upon crystallographic data and ab initio calculations (Abrahams et al., 1949; Brock and Dunitz, 1982; Gonzalez and Lim, 2000) .
Further mining-minima calculations for a bis-naphthyl compound with a 4-atom linker that was studied experimentally (Compound 1 series a) (Newcomb et al., 1995) show only 20% association of the naphthyl groups, even though edge-face conformations are sterically accessible for this compound. The absence of clear-cut association in this case is consistent with the experimental interpretation (Newcomb et al., 1995) , and presumably results at least partly from the increased entropy cost of association for this more flexible compound. That NMR shifts were detectable for this compound may result from the increased magnitude of ring-current shifts in edge-face versus face-face conformations (Ando and Webb, 1983 ).
As noted above, geometric considerations alone do not fully explain why the mixed adenyl-naphthyl compound appears to stack even more than the bis-adenyl compound. The following subsection provides further analysis of the forces driving stacking in this series of compounds.
Energy component analysis
The forces driving stacking in the mining minima calculations were analyzed by calculating changes in the Boltzmann-weighted averages of the nonelectrostatic and electrostatic energy terms for stacked versus extended conformations of the bis-adenyl and bis-naphthyl compounds, where the Boltzmann weights are obtained from the mining minima results. The electrostatic terms comprise Coulombic interactions and the electrostatic part of the solvation energy, whereas the nonelectrostatic terms comprise van der Waals interactions and the surface area part of the solvation-free energy.
The results, presented in Table 4 , are consistent with those of Friedman and Honig, for they indicate that electrostatic interactions in net oppose the association of adenyl groups. On the other hand, the previous results showed this electrostatic cost to result primarily from desolvation, whereas here the cost is Coulombic in origin. This difference could result from the presence of the anionic linker in the compounds studied here and also from differences between the conformations examined.
Interestingly, the electrostatic cost of stacking the mixed compound is low relative to the bis-adenyl compound. This helps account for this compound's high degree of stacking. The small magnitude of the electrostatic cost of stacking for this compound is primarily attributable to the small magnitude of the Coulombic repulsion, which in turn is a function of the specific charge distributions of the stacked groups and of the constraints imposed by the 3-atom linker. It is worth noting that other hydrocarbon/heterocyclic aromatic stacks might not have such favorable electrostatic complementarity and might stack poorly as a consequence. Thus, Friedman and Honig (1995) ; NonES, nonelectrostatic energy computed as total energy minus the net electrostatic energy (Total Ϫ (ES ϩ ESolv)).
although Guckian et al. (1996) report enhanced stacking of nonpolar base analogs with nucleic acid bases, this result may not be generalizable. Table 4 shows that the average nonelectrostatic attraction between adenyl groups is stronger than that between naphthyl groups. This difference in the nonelectrostatic attraction of adenyls versus naphthyls may result in part from the fact that the bis-adenyls more readily adopt stacked conformations, due to the steric constraints discussed above. In addition, the CHARMM force-field ascribes a somewhat deeper Lennard-Jones energy well to stacked adenines than to stacked naphthalenes. The surface area solvation term contributes negligibly to the difference in stacking, because its coefficient is the same for all atom types and adenine and naphthalene are of nearly the same size.
That CHARMM attributes stronger van der Waals attractions to adenyls than to naphthyls appears inconsistent with the ab initio calculations above, which show little difference between the nonelectrostatic interaction energies of the two compounds. It is difficult to judge which result is most plausible. On one hand, the ab initio results are more directly linked to fundamental principles. On the other hand, CHARMM is parameterized to reproduce crystal sublimation energies, while ab initio calculations are not adapted to fit experimental data. In addition, there is no one-to-one correspondence between force field terms and quantum mechanics energy components: as discussed in Methods, force fields typically lump all intermolecular forces into the Coulombic and Lennard-Jones terms, whereas the RVS decomposition, for example, provides a more detailed breakdown. Given these uncertainties, it is of interest to gain an independent account of the energetics of aromatic stacking in the bis-adenyl and bis-naphthyl compounds by carrying out ab initio calculations for these compounds.
Accordingly, changes in energy were computed for the in vacuo assembly of adenines and naphthalenes from infinite separation into the global energy minima found in the mining minima calculations (Fig. 3) , but with the linkers removed and replaced by hydrogens for computational simplicity. An additional calculations was done for the assembly of two adenines into a B-DNA conformation obtained from Quanta 98 (Molecular Simulations Inc., 1998).
The results, presented in Table 5 , confirm the dominance of nonelectrostatic interactions over electrostatic interactions for stacking of both adenine and naphthalene in these chemically and biologically relevant conformations. The qualitative agreement obtained between force field and ab initio calculations supports the validity of this conclusion. Although the ab initio results are for the gas phase, nonelectrostatic interactions are expected to dominate stacking in water also, because water imposes an electrostatic desolvation penalty and adds an attractive hydrophobic component to the nonelectrostatic term. Indeed, NMR analysis has revealed increasing association of indole groups in water with increasing temperature and decreased association on transfer from water to dimethylsulfoxide; this pattern suggests a solvent-mediated hydrophobic contribution to association in water (Pang et al., 1999) . Thus, the present calculations support the view (Friedman and Honig, 1995; Sponer et al., 1996a, b; Alhambra et al., 1997; Hobza and Sponer, 1999 ) that the stacking of adenines, and of aromatic groups in general (Guckian et al., 2000) is driven primarily by nonelectrostatic interactions.
CONCLUSIONS
The present study shows that the experimental results of Newcomb and Gellman for linked adenyl and naphthyl groups are consistent with the theoretical evidence that nonelectrostatic forces primarily drive stacking. We have identified two possible reasons, other than stronger electrostatic interactions, why the bis-adenyl compounds should stack more than the bis-naphthyl compounds in the Newcomb and Gellman's experiment.
First, naphthyl groups tend to stack at a wider separation than adenyl groups, based upon both quantum calculations and a review of crystal structures; and a geometric analysis shows that the 3-atom linker in the compounds studied by Newcomb and Gellman allows more stacked conformations when the aromatic rings can approach each other more closely. On this basis alone, one would expect the bisadenyl compounds to stack more than the bis-naphthyl compounds.
Second, geometric analysis shows that more stacked conformations are sterically accessible to the bis-adenyl compound than to the bis-naphthyl compound because the linker is attached to the sides of the adenyl groups, but is attached to the ends of the naphthyl groups. The significance of the attachment points of the linker in such molecules is confirmed by a prior experimental study (Leonard and Ito, 1973) . As a consequence, the experimental data of Newcomb and Gellman cannot be used directly to compare the intrinsic forces acting between adenyl and naphthyl groups.
It is encouraging that the mining minima calculations give results consistent with experiment. This success is of particular interest because the present calculations rely upon an energy model that was thought to be inconsistent with the Bis-adenyl and bis-naphthyl min, global energy minima found with mining-minima calculations; B-DNA, adenine dimer in conformation obtained from QUANTA; ES, RVS electrostatic energy; NonES, total energy minus electrostatic component.
data (Friedman and Honig, 1995; Newcomb and Gellman, 1994) . The correct ranking of stacking tendencies for the bis-adenyl, bis-naphthyl, and mixed compounds in these calculations presumably results in part from the geometric constraints imposed by the linker, as just discussed. However, the interactions between the specific charge distributions of the aromatic groups also plays a role, as illustrated by the results for the mixed compound. In addition, the CHARMM force field ascribes a greater Lennard-Jones well-depth to stacked adenines than to stacked naphthalenes. Higher level quantum studies and further tests of the CHARMM parameters against measured quantities, such as the heat of sublimation of solid naphthalene, could be useful in assessing the accuracy of the force field. Finally, the present study highlights the fact that subtle differences between molecules can produce unexpected differences in their conformational preferences. This makes it difficult to use chemical intuition alone to interpret experimental studies, even for relatively small molecules. A careful computational analysis can provide further insight and can thus serve as a valuable adjunct to chemical intuition.
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